Background & aims Small organic N compounds could contribute to N nutrition, but an alternative view is that root uptake may serve to recapture compounds that efflux out of roots. However, it is unclear if plants can recapture leaked organic N compounds because no studies have examined quantitative relationships between efflux and uptake at sub-micromolar concentrations. Methods This study examines efflux and uptake of a broad suite of small organic N compounds by wheat (Triticum aestivum L.).
Introduction
Several strands of evidence suggest that small organic N compounds could contribute to N nutrition of plants (Näsholm et al. 2009 ). First, the pool and/or diffusive fluxes of small organic N compounds in the soil solution can be as large as those of inorganic N (Inselsbacher and Näsholm 2012; Warren 2014a) . Second, it has been known for at least 100 years that plants can grow with, or take up from hydroponic solution, different forms of organic N (e.g. see review by: Hutchinson and Miller 1912) . More recent studies have identified in diverse taxa the transporters for organic N compounds including amino acids (Wipf et al. 2002; Rentsch et al. 2007; Näsholm et al. 2009 ), quaternary ammonium compounds (Breitkreuz et al. 1999 ) and amines + polyamines (Igarashi and Kashiwagi 2010) . Finally, injecting soil with organic N compounds in which C and/or N are isotope labeled (e.g.
13
C and 15 N, or Persson and Nasholm 2001; Warren 2006; Näsholm et al. 2009 ), amino sugars (Kerley and Read 1995; Roberts and Jones 2012) , quaternary ammonium compounds (Warren 2013c) , and peptides (Hill et al. 2011) . Despite these various lines of evidence, the quantitative significance of organic N to plant nutrition remains unclear (Jones et al. 2005; Näsholm et al. 2009; Warren 2012 ). An alternative view of organic N uptake is that that root uptake mechanisms may primarily be involved in retrieval of compounds that have Bleaked^out of root cells (Jones et al. 2005) . The view that uptake of organic N is primarily a mechanism to recapture effluxed compounds is based on the premise that the efflux of small organic N compounds from roots into soil would represent a costly loss of N to the plant, and thus there is a strong incentive to recapture leaked N.
Whether or not plants can recapture leaked organic N compounds depends on quantitative relationships between efflux and uptake, but there is little consensus among the few studies to have compared efflux with uptake. In Medicago sativa, Medicago truncatula, Zea mays, Lolium multiflorum and Triticum aestivum the rates of uptake of 16 amino acids supplied at 2.5 μM exceeded efflux rates by 5-545 % (Phillips et al. 2004 (Phillips et al. , 2006 . In contrast Lesuffleur et al. (2007) working with amino acids supplied at 1, 10 and 20 μM found that efflux of glycine was faster than uptake in six crop species, while efflux of serine was faster than uptake in Medicago sativa, Trifolium repens, and Brassica napus. These contrasting results might reflect that different methods were used to disentangle efflux from uptake. In the study of Phillips et al. (and also: Jones and Darrah 1993) efflux was estimated indirectly by blocking uptake with an inhibitor of active transport (carbonyl cyanide m-chlorophenylhydrazone, CCCP), whereas Lesuffluer et al. used an isotope labelling approach to enable the direct and independent measurement of efflux and uptake. There are pros and cons to both approaches, but a recent study with metabolic inhibitors suggested that efflux of at least some compounds may be actively controlled (Lesuffleur and Cliquet 2010) , and thus the CCCP pre-treatment used to estimate efflux (Jones and Darrah 1993; Phillips et al. 2004 Phillips et al. , 2006 . May in itself alter rates of efflux.
Designing realistic experiments to determine if plants can re-capture effluxed organic N compounds is not straightforward. In the context of re-capture of effluxed compounds, use of realistically low compound concentrations is vitally important given that uptake of organic N compounds is concentration dependent (e.g. amino acids: Schobert and Komor 1987; Jämtgård et al. 2008) . In this context it is worth noting that past studies showing simultaneous efflux and re-capture of amino acids supplied amino acids at arbitrary concentrations of 1 10 & 20 μM (Lesuffleur et al. 2007 ; Lesuffleur and Cliquet 2010) or 2.5 μM (Phillips et al. 2004 (Phillips et al. , 2006 or 100 μM (Jones and Darrah 1994) . In general these concentrations are larger and bear little semblance to concentrations that occur in exudates. Hence, it remains unclear if the ability to take up organic N compounds extends to the re-capture of the highly dilute organic N compounds effluxed from roots. An additional challenge for understanding the role of efflux in organic N uptake is that we only have data on re-capture of amino acids, yet a broader suite of organic N compounds probably efflux from plants roots and could be re-captured. For example, root exudates have been reported to contain a wide variety of organic N compounds including amino acids, purines, nucleosides, peptides and quaternary ammonium compounds (Fan et al. 2001; Dakora and Phillips 2002; Walker et al. 2003; Badri and Vivanco 2009; Strehmel et al. 2014) , although with the excpetion of amino acids we do not yet have good quantitative data for these compound classes. Clearly, more experimentation is needed to resolve the issue of which organic N compounds efflux from roots and if they can be re-captured at the low concentrations that occur in exudates.
This study examines efflux and uptake of a broad suite of small organic N compounds by wheat (Triticum aestivum L.). The aims were first to describe what small organic N compounds are in root exudates. Capillary electrophoresis-mass spectrometry (CE-MS n ) was used for separation, ID and quantification of small (<1 kDa) organic N compounds in root exudates (Warren 2013b) . The second aim of this study was to use a 15 N-labeling methodology ( Fig. 1 ) to obtain direct estimates of efflux and uptake of a broad suite of organic N compounds at field-relevant concentrations. Previous studies using 15 N-labeling to determine efflux and uptake have supplied plants with a modest number of amino acids at arbitrarily chosen concentrations (Lesuffleur et al. 2007; Lesuffleur and Cliquet 2010) . The approach used in the present study was instead to harvest the natural complement of exudate compounds from plants grown with N at natural abundance. These natural abundance exudates were then presented to plants that were fully 15 N-labelled. Efflux was determined from the appearance of 15 N isotopologues in the hydroponic solution, while uptake was determined from disappearance of 14 N isotopologues from the hydroponic solution. The final aim of this study was to examine the hypothesis that the profile of organic N compounds in exudates reflects the profile of organic N compounds in root extracts.
Methods

Plant material and growth conditions
Several experiments were performed over a period of 6 months. In each case the plant material was grown identically. Seeds of Triticum aestivum L. were surface sterilized, germinated and then grown in sterile hydroponic solution. The hydroponic solution was a modified Hoagland solution that contained 6 mM N (as KNO 3 and (NH 4 ) 2 SO 4 ), 0.125 mM P, 3 mM K, 2 mM Ca, 1 mM Mg, 1 mM S, and micronutrients. To avoid adding unlabeled N, iron was supplied as FeSO 4 rather than the more usual EDTA chelate. The pH of the hydroponic solution during growth and experimentation was between 6.5 and 6.8. , (Isotec inc., Miamisburg, USA). The roots of plants were sealed into individual, sterile 250-mL polypropylene containers that contained an aerated hydroponic solution. Preliminary experiments established that the aquarium pump and tubing used for aeration led to contamination of the hydroponic solution with plasticisers and other exogenous compounds that affected subsequent mass spectrometry analyses. To minimise contamination, hydroponic solutions were aerated by passing the air from the aquarium pump through a hydrocarbon trap (BHT-4, Agilent Technologies, Santa Clara, USA) to remove organics, with the cleaned air being connected to sterilized miniature aquarium stones via short lengths of PTFE tubing. These precautions ensured that hydroponic solutions did not contain detectable amounts of plasticisers. Light was excluded from the hydroponic solution and roots by tightly wrapping containers with aluminium foil. The hydroponic solution was exchanged every 2 to 6 days depending on the size of plants. Plants were grown at 22°C with a 12-h photoperiod of 250-400 μmol PAR m −2 s −1 at plant height. Plants were grown for 4 weeks prior to experimentation. N-labelled wheat plants were removed from the hydroponic solutions that they had been grown in. To remove residual hydroponic solution and old exudates adhering to roots, roots were gently sprayed with N-free hydroponic solution. Plants were placed into individual 250-mL polypropylene containers filled with aerated 1/10 strength N-free hydroponic solution. Experiments were carried out in 1/10-strength hydroponic solution because the large salt load in full-strength solution interfered with mass spectrometry analyses. Preliminary experiments in which exudates were analysed by GC-MS as methoximated-trimethylsilyl derivatives established that steady-state exudate concentrations did not vary between plants in full-strength hydroponic solution and plants in 1/10-strength N-free hydroponic solution. Light was excluded from the hydroponic solution and roots by tightly wrapping containers with aluminium foil. Experiments were carried out during daylight hours with plants exposed to the same light intensity and temperatures as used for growth (i.e. 22°C; 250-400 μmol PAR m −2 s −1 at plant height).
For natural abundance plants samples of hydroponic solution were collected immediately before plants were added (T0), immediately after plants had been added (~1 min), then 1 h, 3 h, 5 h, 7 h after plants were added. For 15 N plants samples were collected at T0 and after 7 h only. On each occasion the hydroponic solution was gently swirled to ensure adequate mixing, then two duplicate 1.5 mL samples were withdrawn and transferred to pre-labeled polypropylene tubes that contained 0.5 mL of ice-cold methanol. Samples were next filtered with a 0.22 μm pore size syringe filter, and then frozen at −80°C for no more than 2 weeks until they were analysed.
Efflux of CCCP pre-treated plants
One way of visualising efflux is by blocking uptake via pre-treatment of plants with carbonyl cyanide mchlorophenylhydrazone (CCCP) (Jones and Darrah 1993) . Three 4-week-old natural abundance wheat plants were pre-treated for 30 min in a 1/10 strength hydroponic solution that contained 50 μM CCCP. After pre-treatment, roots were rinsed and then efflux was measured by transferring plants into 250-mL polypropylene containers filled with aerated 1/10 strength Nfree hydroponic solution and then samples of hydroponic solution were collected after 1 min, 1 h, 2 h, 4 h.
Extraction of roots to determine organic N compounds Two types of aqueous extracts were obtained from roots. Extraction of roots with water was used to obtain a simple aqueous extract that could represent compounds leaking from roots into water, whereas the aqueous phase of a methanol:chloroform:water extract was expected to contain increased representation of lipophilic compounds. To obtain root extracts, four 4-week-old plants grown with N at natural abundance were harvested. Root material was ground to a fine powder with the aid of liquid N and then extracted with either ultra-pure water (10 mL g −1 FW), or methanol:chloroform:water (2:1:2). Extracts were centrifuged with the supernatant of the H 2 O extract being retained for analysis and the upper polar phase of the MCW extract being retained for analysis. For both extract types the ratio of plant material to (polar) extractant was identical.
15
N-labeling to determine gross efflux and uptake
To obtain independent, direct estimates of efflux and uptake a 15 N-labeling methodology was used ( Fig. 1 ). In the first step, exudates were harvested from eight 4-week-old plants grown with N at natural abundance. To collect exudates, plants were removed from their hydroponic solution, gently rinsed, and then placed into 250-mL polypropylene containers filled with aerated 1/10 strength N-free hydroponic solution. Preliminary experiments established that under these conditions 4 h was sufficient time to allow exudates to reach at least 75 % of the Bsteady state^concentrations observed after 7 h (see also Fig. 3 ). After 4 h had elapsed the plants were removed and the collected exudate solutions were filtered to 0.22 μm and then refrigerated at 1-3°C for no more than 24 h before subsequent experimentation. Next, wheat plants that had been grown with 15 N for 4 weeks were rinsed then transferred to the natural abundance exudate solution, which had previously been brought to room temperature (22°C). Samples of hydroponic solution were collected immediately before plants were added (T0), then 1 min, 1, 2 and 4 h after plants were added. An additional experiment involving Binterrupted uptake^ (Jämtgård et al. 2008 ) was performed to verify that the changes in compound concentrations were due to plants rather than exoenzymes or microbial contamination. The experiment was carried out as described above, except that at 1 h plants were removed. Samples of hydroponic solution were collected as per usual from T0 to 4 h.
Sterility assessment
Sterility of hydroponic solutions was assessed in two ways. First, the presence of culturable microorganisms was determined at the conclusion of experiments by incubating an aliquot of hydroponic solution on nutrient agar. Second, microbial contamination was assessed in every sample analysed by checking for the presence of specific metabolites that occur in microbes but not axenic wheat. The main microbial marker metabolites used were ectoine, hercynine and aminobutylhomospermidine. These three compounds were highly sensitive indicators of contamination because they do not occur in axenic wheat, were three of the most abundant compounds detected in hydroponic solutions that were intentionally contaminated, and have detection limits better than most of the compounds in root exudates. Exudate samples were also checked for the presence of muramic acid and diaminopimelic acid, two markers of bacterial cell walls. Experiments known to be contaminated either with cultureable microorganisms, or microbe-specific metabolites, were discarded.
Analysis by capillary electrophoresis-mass spectrometry
Samples of hydroponic solution and root extracts were defrosted, concentrated and analysed in a random order in batches of six. Prior to analysis evaporation under reduced pressure (Vacufuge, Eppendorf) was used to concentrate samples of hydroponic solution 36-fold and root extracts 2-fold. Blanks of 1/10 hydroponic solution that had not been used for plant growth or experimentation were also concentrated 36-fold and analysed. Significant background contamination was not detected in any blanks. Samples were subsequently made up in 100 mM ammonium formate (pH 9) in 25 % (v/v) acetonitrile that contained an internal standard (0.4 μg mL − 1 methionine sulfone). Capillary electrophoresis-mass spectrometry (CE-MS) was used for untargeted profiling of small organic N compounds, essentially as described previously (Warren 2013b (Warren , 2014b . All samples were analyzed at least twice, once with the mass spectrometer set to scan a range of 50-255 Da to obtain optimal detection limits for small compounds, and then again with a wider scan range of 100-1000 Da for larger compounds. Samples were injected by pressure (3 psi for 30 s) and separated with an electrolyte of 2 M formic acid with 20 % (v/v) methanol under 30 kV positive polarity. For the purposes of compound identification CE-MS n analyses were carried out using natural abundance and 15 N exudate samples collected at 7 h. Samples were re-analysed to obtain MS 2 spectra, and for some compounds MS 3 spectra. MS 2 and MS 3 spectra were obtained using datadependent (auto MS n ) data acquisition with three MS/ MS precursors per MS, active exclusion after three spectra, include after 0.15 min, isolation width of 1.0 m/z, fragmentation amplitude of 0.6 V modulated by SmartFrag from 30 to 200 %. MS 3 spectra were automatically triggered and obtained for MS 2 spectra dominated by neutral losses of water or ammonia. Around 20 low abundance compounds were not fragmented by the auto-MS n routine, so to obtain MS 2 and MS 3 spectra for these compounds it was necessary to perform additional CE-MS n analyses in which specific precursors were targeted for fragmentation (based on m/z and time window).
Identification and quantification of compounds
Identification of compounds in exudate samples collected at 7 h was an iterative multi-step process involving integration of all peaks, searching of CE-MS and mass spectral databases, de novo mass spectral interpretation, and comparisons with migration times and mass spectra of standards (for full details see Notes S1 Calculation of gross efflux and uptake When 15 N-grown plants were placed in natural abundance exudates, gross efflux was quantified from the rate at which 15 N isotopologues appeared while uptake was determined from the rate the 14 N isotopologues disappeared. To calculate uptake and efflux the initial plan was to fit linear regressions to isotopologue concentrations as a function of time from 1 min to 4 h. However, this approach was abandoned because for samples collected at≥2 h the pool of exudates in the hydroponic solution contained a significant amount of 15 N isotopologues from contemporaneous efflux. To minimize this problem efflux and uptake were estimated from the change in isotopologue concentrations between 1 min and 1 h. The 1 min (rather than T0) sample was used as the first data point to account for the dilution of the hydroponic solution that occurred when the plant was added, and also for passive desorption of compounds from the root surface and apoplastic space.
Statistics
Principal Components Analysis (PCA) was performed with SIMCA P+ 12.01 (Umetrics, Umeå, Sweden). Owing to the large differences in absolute concentrations between extract types, PCA was performed with normalized (i.e. relative) compound concentrations. Normalised compound concentrations were calculated by dividing the individual compound concentration by the summed concentration of all compounds in the sample. Data were further pre-processed using typical procedures for mass-spectrometry based metabolite data (Wiklund et al. 2008) , namely, Pareto scaling and log transformation.
Results
Net efflux of organic N compounds in control & CCCP-treated plants
The number of compounds detectable in exudates increased with the duration of exudate collection. In control plants, around 60 compounds could be detected after 1 min while after 7 h a total of 110 N-containing organic compounds were detected. Of the 110 compounds detected after 7 h, 74 were positively identified by comparison of migration time and mass spectra with standards run on the same instrument, 29 compounds were identified by de novo mass spectral interpretation and/or matches of migration times and/or mass spectra with data reported in published papers or collated in online databases (Table S1 ). For six of the identified compounds it was not possible to identify the exact isomer. Only seven compounds could not be identified and none of the seven unidentified compounds were abundant (assuming the unknowns had a mass spectral response equivalent to compounds of similar molecular weight and CE migration time).
It was possible to determine reliably the concentrations of the approximately 50 most abundant compounds in exudates, but not those compounds present at smaller concentrations that were close to the detection limits of the method. Concentrations of the 50 most abundant compounds had a mean relative standard deviation (standard deviation/mean) of 14 %, indicating good precision of the analytical method and modest biological variation despite concentrations as small as 0.02 μM. The concentrations of the 50 most abundant organic N compounds measured at 7 h ranged from almost 2 μM down to 0.02 μM (Fig. 2) . The compounds quantified represented ten compound classes plus one group of unknowns (Table 1) . Protein amino acids accounted for the largest number of compounds and were the single most abundant compound class on a molar and N basis, but accounted for only 38 % of concentration on a molar basis and 28 % on an N basis. The other quantitatively significant compound classes were non-protein amino acids, amines + polyamines, quaternary ammonium compounds, nucleobases + nucleosides. Compound classes that were consistently present and quantifiable but made a minor contribution to organic N in exudates included the azetine class which was represented by a single compound 2′-deoxymugineic acid, and hydroxy-cinnamic acid amides, peptides and sugar amines all of which were represented by one compound in top 50.
The total concentration of compounds measured in exudates increased dramatically in the first minute and, to a lesser extent, in the first hour after plants were transferred to the trapping solution (Fig. 3a) . Concentrations increased more slowly over the ensuing 7 h. Between 5 and 7 h there was only a modest increase in total exudate concentration (from 12.9 to 13.4 μM). Rates of net efflux calculated from the differences in compound concentrations between different time points (Fig. 3b) confirmed that efflux was very rapid in the first minute and, to a lesser extent, in the first hour. Rates of net efflux decreased to almost zero between 5 and 7 h. In plants that had been pre-treated with CCCP, exudate concentrations and rates of net efflux were around three times greater than control plants ( Fig. 3a and b) . Moreover, in CCCP-treated plants concentrations of exudate compounds increased quasi-linearly between 2 and 6 h and showed little evidence that a steady-state concentration was being reached or that net efflux was approaching zero (Fig. 3b) . Note that efflux experiments with CCCP-treated plants did not extend beyond 4 h because at 4 h the concentrations of many compounds had reached the upper end of the linear calibration range of the CE-MS method.
Simultaneous estimates of gross efflux and uptake
When a plant grown with 15 N was placed into a solution containing exudates at natural isotopic abundance, efflux led to the appearance of 15 N isotopologues within the solution while uptake led to the decrease in concentration of 14 N isotopologues (see Fig. 4 for an example). Rates of gross efflux and uptake could not be determined reliably for many compounds. Rates could not be estimated for the more than 50 compounds present at low concentrations because≥2 h was required for them to reach the lower limit of quantification by which time reuptake of effluxed compounds was a large problem. There were also five compounds for which specific problems precluded determination of uptake and efflux. Rates of uptake and efflux could not be determined for Gln, Asn and (oxidized)glutathione because they were unstable in hydroponic solution. This was confirmed with spike and recovery tests with sterile hydroponic solution filtered to <0.2 μm suggesting instability could have been due to exuded extracellular enzymes and/or non-enzymatic deamidation and oxidation. Data are not reported for 2′-deoxymugineic acid and nicotianamine because loss of either compound from solution could be due to uptake and/or formation of complexes with metal ions.
Rates of gross efflux were determined for 45 out of the 50 most abundant compounds. For all 45 of these compounds rates of uptake were also significant. There was a tendency for uptake/efflux to be small for compounds present at low concentrations, with uptake being more than twice as slow as efflux in spermidine, acetylcholine, aminoadipic acid, and proline (Fig. 5) . For 41 out of 45 compounds rates of uptake were at least half as fast as the rate of efflux, while rates of uptake were faster than efflux for 21 out of 45 compounds. Uptake/efflux did not vary systematically among compound classes or physico-chemical groupings of compounds (e.g. anionic, cationic, neutral). Instead, in all of the major compound classes (protein amino acids, non-protein amino acids, amines + polyamines, quaternary ammonium Fig. 3 The time course of efflux of organic N from wheat (Triticum aestivum). Data are a the total concentration of the 50 most abundant organic N compounds in root exudates, and b the rate of net efflux per unit dry mass of roots. Exudates were collected from wheat placed in a dilute hydroponic solution. Prior to measuring efflux plants were pre-treated for 30 min in a dilute hydroponic solution (control), or for 30 min in dilute hydroponic solution that contained 50 μM carbonyl cyanide mchlorophenylhydrazone (CCCP). Rates of net efflux were calculated from the change in concentration between samples collected at different time points. Data are means of three replicate plants; error bars are one standard error compounds, nucleobase + nucleosides, and peptides) there were compounds in which uptake was as fast or faster than rates of efflux.
Control experiments suggested that the measured change in compound concentrations were due to plants rather than microbial contamination or exoenzymes. When efflux/uptake were interrupted by removing the plant after 1 h, there was no subsequent uptake or efflux of organic N compounds following removal of the plant (linear regression of concentrations at 1, 2 and 4 h, P > 0.05). The exceptions were Gln, Asn and (oxidized)glutathione which were lost from the hydroponic solution (see above).
Is the profile of root exudates similar to root extracts?
Principal components analysis (PCA) provided an overview of multivariate relationships among normalised concentrations of organic N monomers (Fig. 6) . Differences in multivariate relationships among exudate concentrations at 4 h, root H 2 O extracts and root MCW extracts were large relative to variability among replicates, as indicated by the tight grouping of the different sample types in principal components analysis (Fig. 6a) . One reason the multivariate pattern of exudates concentrations at 4 h might diverge strongly from root extracts is that exudate concentration is a function of not only efflux but also uptake. However, estimates of gross efflux, while different to exudate concentrations, were also clearly different to both types of root extracts (Fig. 6b) .
Univariate comparisons also illustrated widespread differences between concentrations of organic N compounds in gross efflux and organic N compounds in root extracts. Of the 45 organic N compounds for which efflux could be reliably estimated, normalized concentrations of 19 compounds differed between gross efflux and H 2 O extracts (Fig S1) , while normalized concentrations of 22 out of 45 organic N monomers differed between gross efflux and MCW extracts (Fig S2) . There were some compounds whose normalized concentrations differed between H 2 O extracts and efflux but not between MCW extracts and efflux, and vice versa. One consistent difference was that efflux was characterized by proportionally larger concentrations of betaine, several nucleosides (e.g. adenosine and deoxyadenosine) and amines + polyamines (e.g. putrescine, homospermidine, Fig. 4 The concentration of arginine isotopologues in a a natural abundance hydroponic solution at time zero (before plant added), and b 1 h after adding a 15 N-labelled wheat (Triticum aestivum) plant. The natural abundance exudate solution was generated by collecting exudates from a plant grown with N at natural isotopic abundance. Mass spectra are shown for the< 0.1 min separation window corresponding to arginine. Mass spectra were collected over a broad mass range, but for clarity only a restricted mass range is shown here spermidine) than roots extracted with H 2 O or MCW. The correlation of normalized concentrations in root extracts with gross efflux was weak (Fig. 7) . Standout features of these correlations were amines + polyamines, nucleobases and nucleosides that were present at or near detection limits in root extracts but were abundant in gross efflux from roots (ellipses in Fig. 7a and b) . Other outliers that were abundant in root extracts but not in efflux were Asp in H 2 O extracts and a hydroxycinnamic acid amide in MCW extracts (marked in Fig. 7 as Asp and HCA, respectively).
Discussion
Detection of organic N compounds that efflux from wheat roots A variety of compounds and compound classes have been previously reported from root exudates (Dakora and Phillips 2002; Walker et al. 2003; Badri and Vivanco 2009; Chaparro et al. 2013; Strehmel et al. 2014) , and the present study adds to this literature by uncovering a large diversity of organic N compounds in root exudates of wheat. A total of 110 organic N compounds were detected of which 74 were positively identified, 29 were putatively identified and 7 could not be identified (Table S1 ). No single study has previously reported such a large number and diversity of organic N compounds in root exudates, instead individual studies have reported the presence of a modest number of organic N compounds (typically<20). Nevertheless most of the compound classes and many of the individual compounds have been previously reported from root exudates. For example, compounds and classes that were present in root exudates of wheat and have been reported previously from wheat and other species include the polyamine putrescine (Kuiper et al. 2001) , quaternary ammonium compounds such as betaine and choline (Ikegami et al. 1982; de Rudder et al. 1999; Fan Fig. 5 The relationship between concentration of 45 organic N exudate compounds and the rate of uptake divided by the rate of efflux (uptake/efflux). To determine efflux and uptake exudates were first collected for 4 h from plants grown with N at natural isotopic abundance. Concentrations at T0 are the concentration of the compound in the natural abundance exudate solution before the plant was added. Note that these concentrations are somewhat lower than reported in Fig. 2 because data in Fig. 2 are for exudates collected after 7 h. Wheat plants that had been grown with 15 N were placed in the natural abundance exudate solution with efflux being estimated from the rate at which 15 N isotopologues appeared between samples collected at 1 min and 1 h, while uptake was determined from the rate at which (Fan et al. 2001; Oburger et al. 2014 ) and small peptides (Strehmel et al. 2014) .
The idea that exudates contain a broad suite of organic N compounds is not new, but much of the focus has been placed on amino acids because few studies have established the quantitative significance of the different compound classes. Indeed, many studies on organic N compounds have focussed solely on amino acids (Jones and Darrah 1993; Phillips et al. 2006; Lesuffleur et al. 2007; Jämtgård et al. 2008; Lesuffleur and Cliquet 2010) , while reviews and summaries often imply that amino acids are the main organic N compound in root exudates. For example, the chemical composition of root exudates has been summarised as: sugars (50-70 % of exudate), carboxylic acids (20-30 % of exudate) and amino acids (10-20 % of exudate) (Kraffczyk et al. 1984; Jones 1998; Hutsch et al. 2002; Farrar et al. 2003) . Broad characterisation of the pool of organic N revealed that while amino acids were abundant, they accounted for less than half of the organic N in root exudates of wheat (Table 1 ) and only five of the ten most abundant compounds were amino acids (Fig. 2) . Clearly, future studies of organic N compounds in root exudates ought to consider not only amino acids but also other quantitatively significant compound classes including amines and polyamines, quaternary ammonium compounds, nucleobases and nucleosides.
The large number and diversity of organic N compounds reported here was because the analytical procedure permitted taking a broad view of organic N compounds, rather than because there was anything unusual about the plant material or how exudates were collected. Concentrations of amino acids at steady-state and rates of efflux were, in fact, broadly similar to those reported in previous studies focusing solely on amino acids (Jones and Darrah 1993; Phillips et al. 2006; Lesuffleur et al. 2007; Jämtgård et al. 2008; Cliquet   Fig. 6 The multivariate relationships among H 2 O extracts of roots, the aqueous phase of a methanol:chloroform:water extract of roots and the concentration of exudates measured at 4 h (a) and also the gross rate of efflux calculated between 1 min and 1 h (b). Data are the first two principal components of a principal components analysis performed with normalized (i.e. relative) compound concentrations or efflux rates. Normalised compound concentrations and efflux rates were calculated by dividing the individual compound concentration or efflux rate by the summed concentration or efflux rate of all compounds. Data were Pareto scaled and log transformed and then PCA was performed with SIMCA-P 2010). Hence, the major point of difference with previous studies is that the CE-MS procedure used here permitted taking a broad view of multiple classes of organic N (Warren 2013a, b) . In contrast, the most commonly used methods for small organic N compounds in root exudates have involved pre-column derivatization (e.g. LC of o-phthalaldehyde derivatives; GC of t-butyldimethylsilyl or trimethylsilyl derivatives) and are highly selective for amino acids and effectively blind to most other classes of organic N (Knapp 1979; Toyo'oka 1999) . Hence, the diversity of compounds seen here, and their absence from many previous studies, is most probably because in previous studies the compounds were present but not detected.
What drives efflux?
The efflux of small organic compounds from plant roots is generally regarded as passive leakage (e.g. Jones and Darrah 1993) . If exudation were passive leakage across a non-selective membrane the compounds detected in exudates would reflect those detected in root extracts, but this is clearly not the case for root exudates of wheat. Principal components analysis (Fig. 6 ) and univariate analyses (Figs. 7, S1 and S2) showed that there were large and consistent differences in relative compound concentrations between exudates and extracts. A more realistic view of Bleakage^is that it is determined also by the compound-specific resistance to diffusion across the plasma membrane such that leakage should be faster for compounds that are uncharged and hydrophobic than compounds that are charged and hydrophilic (Chakrabarti and Deamer 1992) . However, this cannot offer a general explanation for the differences between exudates and extracts because the compound classes that were more abundant in exudates than root extracts were those that should leak across membranes slowly, viz., the neutral and hydrophilic quaternary ammonium compounds, nucleobases and nucleosides, and the strongly cationic and hydrophilic amines + polyamines ( Fig. 7a and b) . Hence, neither the Bsteady-state^con-centrations of exudate compounds nor rates of gross efflux are consistent with passive leakage from root cells into solution. These findings are consistent with previous studies suggesting that efflux of amino acids could be selective (Lesuffleur et al. 2007; Lesuffleur and Cliquet 2010) .
If root exudates do not strictly reflect passive leakage from root cells, what is it that drives efflux? Studies have identified transporters involved in the active secretion of some root exudates (Badri et al. 2012; Fourcroy et al. 2014) and thus for at least some compounds there could be an active component to efflux. An alternative or perhaps complementary explanation is that root extracts are poorly representative of the source of exudates. For example, there can be large amounts of polyamines in xylem (Friedman et al. 1986 ) and thus the presence of large amounts of amines + polyamines in exudates could reflect their leakage from xylem rather than root cells. Another possibility is that large amounts of polyamines exist within roots in a conjugated form as hydroxy-cinnamic acid amides (see Fig. 7b , and: Samborsk and Rohringe 1970), but efflux from roots as free polyamines. Finally, it is conceivable that some of the compounds detected in exudates are not leaking out of cells but are instead produced at the root surface or in solution by catabolism of larger compounds. For example, the large amounts of nucleosides in exudates could be explained by the enzymatic depolymerisation of high molecular weight exudates or root debris. Additional experimentation is required to distinguish among these possibilities.
Wheat can re-capture organic N compounds effluxed from roots Wheat can take up organic N compounds present at the low concentrations found in root exudates. In addition to the quantitative estimates of efflux and uptake provided by isotope labelling (Figs. 4 and 5) , two additional observations illustrate active uptake at low concentrations. First, exudate concentrations of control plants reached a quasi-steady state after several hours (Fig. 3a) and net efflux approached zero (Fig. 3b) , consistent with an equilibrium being reached between rates of efflux and uptake. Second, when active transport was inhibited by pre-treating plants with CCCP, exudate concentrations were much greater and there was no evidence that a steady-state was being reached (Fig. 3a   and b) . These multiple strands of evidence indicate that wheat can (partially or wholly) re-capture a broad array of organic N compounds that efflux from roots and greatly builds upon earlier studies showing simultaneous uptake and efflux of amino acids (Jones and Darrah 1994; Phillips et al. 2004; Lesuffleur et al. 2007; Lesuffleur and Cliquet 2010) and inorganic N (Kronzucker et al. 1995a, b; Mata et al. 2000; Britto et al. 2001) .
Quantitative relationships between efflux and uptake are key to determining whether or not plants recapture leaked organic N compounds. Uptake occurred simultaneously with efflux for all 45 compounds for which rates of efflux could be reliably determined, even though concentrations were only~0.01-0.5 μM. Four compounds had rates of uptake that were less than 50 % of the rate of efflux, 20 compounds had rates of uptake that were 50-100 % of the rate of efflux, while in the remaining 21 compounds rates of uptake were more than 100 % of rates of efflux (Fig. 5) . The relationship between uptake and efflux did not vary systematically among compound classes or physico-chemical groupings of compounds (e.g. anionic, cationic, neutral). Instead, in all of the major compound classes (protein amino acids, non-protein amino acids, amines + polyamines, quaternary ammonium compounds, nucleobase + nucleosides) there were compounds for which uptake was as fast or faster than rates of efflux. A similarly well-developed capability for uptake at low concentrations was seen in Medicago sativa, Medicago truncatula, Zea mays, Lolium multiflorum and Triticum aestivum in which rates of uptake of 16 amino acids supplied at 2.5 μM exceeded efflux rates by 5-545 % (Phillips et al. 2004 (Phillips et al. , 2006 . Very different results were reported by Lesuffleur et al. (2007) who found that uptake of glycine was slower than efflux in six crop species, while uptake of serine was slower than efflux in Medicago sativa, Trifolium repens, and Brassica napus. No such evidence for selective efflux of glycine and/or serine was seen in wheat, instead rates of uptake approximately balanced efflux in glycine (uptake/efflux= 0.92±0.09) and in serine (1.0±0.15) (Fig. 5 ). Differences among studies could indicate inherent species differences or the procedures used to estimate efflux and uptake. For example, Lesuffleur et al. (2007) may have over-estimated efflux by using a very short exposure time (5-10 min) during which time much of the apparent efflux could have been rapid desorption and efflux from apoplastic spaces rather than the slower efflux from the symplast (e.g. see fast rates of net efflux calculated between 0 and 1 min, Fig. 3b ).
The diversity of organic N compounds taken up by wheat is not unprecedented, but providing the first evidence that uptake occurs at sub-micromolar external concentrations has ecological implications. Previous studies have shown uptake of diverse forms of organic N (Hutchinson and Miller 1912; Miller and Schmidt 1965; Audley and Tan 1968; Kerley and Read 1995; Schmidt and Stewart 1999; Persson and Nasholm 2001; Näsholm et al. 2009; Warren 2013c ) but used concentrations from 10 μM to several mM rather than the (generally) sub-micromolar concentrations of root exudates (Fig. 2) . The present study has shown that wheat has the capacity to re-capture a significant proportion of the organic N that effluxes from roots. Organic N compounds in the soil solution are also present at generally sub-micromolar concentrations (Warren 2014a) , and thus the ability to salvage effluxed compounds means that wheat has a more general capacity to take up organic N compounds from the soil solution.
Methodological considerations
Experiments here have shown the occurrence of simultaneous efflux and uptake of a broad suite of organic N compounds, but it is unclear how readily these results can be translated to soil. Wheat was grown in a sterile hydroponic system so as to exclude complications from microbes (Kuijken et al. 2015) , whereas in soil the efflux and uptake of N from roots could be modified by specific microbial metabolites (Phillips et al. 2004 ) and a suite of soil processes (e.g., adsorption, mass flow, diffusion, microbial competition). For example, many studies have shown that microbes out-compete plants for inorganic and organic forms of N (Hodge et al. 2000; Bardgett et al. 2003; Jones et al. 2005) , and thus while plants may be able to salvage effluxed compounds in sterile hydroponic solution this capability may not be fully realized in soil.
The workflow presented here enabled estimation of uptake and efflux, but low compound concentrations presented some challenges. Slow rates of efflux and the concomitant low concentration of compounds in exudates and slow uptake, meant that a long duration was required to estimate efflux and uptake. Hence, the initial approach had been to estimate efflux and uptake from the difference in isotopologue concentrations between 1 min and 4 h. However, this approach was subsequently abandoned because for anytime≥2 h there was substantial uptake of effluxed compounds and this led to erroneous estimates of efflux and uptake rates. To minimize the uptake of effluxed compounds, efflux and uptake were estimated only between 1 min and 1 h. In samples collected at 1 h there would have been some uptake of effluxed compounds, but this was reasoned to be acceptably small given that after 1 h 15 N isotopologues (i.e. derived from efflux) accounted for no more than 15 % of any compound's concentration in the hydroponic solution. The other problem associated with low compound concentrations is that it was not possible to determine efflux and uptake rates for the~50 least abundant compounds. Use of mass spectrometry instrumentation with better detection limits and quantitative capabilities (e.g. triple quadrupole) might enable estimates of uptake and efflux to be made on less abundant compounds. Moreover, instrumentation with better detection limits would enable experiments to be carried out more quickly so as to minimize problems arising from uptake of effluxed compounds.
Conclusions
Past studies have recognized the diversity of organic N compounds in root exudates, but the quantitative significance of the different compound classes has been unclear. Broad characterisation of the pool of organic N revealed that while amino acids were abundant, they accounted for less than half of the organic N in root exudates of wheat. A workflow utilizing 15 N labelling and capillary electrophoresis-mass spectrometry showed that uptake occurred simultaneously with efflux for all 45 compounds for which rates of efflux could be reliably determined, even though concentrations were only~0.01-0.5 μM. These findings indicate that wheat can take up a broad suite of organic N compounds present at the sub-micromolar concentrations that are typical of root exudates. The ability to salvage effluxed compounds present at very low concentrations means that wheat may also be able to tap into organic N compounds that occur at similarly low concentrations in the soil solution.
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